Background There were nearly 700,000 patients in the United States in 2010 living with brain tumor diagnoses. The incidence of seizures in this population is as high as 70% and is historically difficult to control. Approximately 30-40% of brain tumors patients who present with status epilepticus (SE) will not respond to typical therapy consisting of benzodiazepines and phenytoin (PHT), resulting in patients with refractory status epilepticus (RSE). RSE is usually treated with anesthetic doses of propofol or midazolam infusions. This therapy can have significant risk, particularly in patients with cancer. Methods A retrospective chart review was performed on 23 patients with primary or metastatic brain tumors whose SE was treated with intravenous PHT, levetiracetam (LEV), and oral pregabalin (PGB). Results In all the patients under study, PHT or LEV was used as first-line therapy. PGB was typically used as thirdline treatment. The median daily dose of PGB was 375 mg (usually divided BID or TID), and the median daily dose of LEV 3000 mg (usually divided BID). Cessation of SE was seen in 16/23 (70%) after administration of PHT, LEV, and PGB. SE was aborted, on average, 24 h after addition of the third antiepileptic drug. Only one patient in the responder group required intubation. Mortality rate was zero in the responder group. No adverse reactions to this medication regimen were observed.
Background and Significance
In the United States in 2010, there was an estimated population of 6,88,096 individuals living with primary brain tumor diagnoses, and the prevalence rate for these tumors was estimated to be 221.8 per 1,00,000 [1] Seizures in patients with primary and metastatic brain tumors occur commonly. Previous studies have shown that the incidence of seizures in patients with brain tumors is 30-70% [2, 3] . Seizures are notoriously difficult to control in the brain tumor population. Hildebrand et al. [4] found that over half of brain tumor patients continued to have seizures despite treatment with AEDs. In a study by Moots et al. [5] 26% of patients with brain tumors and epilepsy developed status epilepticus (SE). Furthermore, up to 20% of adult patients with SE have brain tumors as the cause of SE [6] [7] [8] [9] [10] [11] . The overall mortality rate from SE of all causes remains high at 15-23% [6, 7, 11] ; however, the mortality is even higher, 30-40%, in brain tumor patients [7, 11, 12] . It has been reported that only 60-70% of SE in brain tumor patients is aborted by benzodiazepines and phenytoin (PHT) [13, 14] , resulting in a significant number of patients with refractory status epilepticus (RSE). When initial management fails to control the seizures, typically anesthetic agents such as propofol and midazolam are used to place the patient into an iatrogenic coma. This therapy requires intubation and mechanical ventilation. Not only are brain tumor patients more susceptible to ventilator-associated complications such as pneumonia due to immunosuppression from chemotherapy, but also many patients have advanced directives which have to be reversed or altered to allow this level of intervention to be undertaken. This can lead to family stress and conflicts during therapy, particularly when the seizures remain after treatment.
Non-sedating, newer generation antiepileptic drugs (AEDs) such as lacosamide, pregabalin, and topirimate are being investigated to treat RSE to avoid the complications of mechanical ventilation. There is good data for PHT and levetiracetam (LEV) in the treatment of RSE [13] [14] [15] [16] [17] [18] . Pregabalin (PGB) is only available as an oral agent, but it is considered as a potential option in treating RSE since it has a good safety profile, can be started at a high dose, does not interact with other AEDs and has good oral bioavailability. A preliminary study by Novy and Rossetti [19] showed that 5/11 patients with RSE demonstrated a clinical response to the addition of PGB after the patients were treated with a benzodiazepine and another AED. PGB has a different mechanism of action than PHT or LEV. PGB inhibits the alpha-2-delta protein of the presynaptic calcium channel, while PHT blocks voltage-sensitive sodium channels and LEV binds to the synaptic vesicle protein 2A [20] [21] [22] .
There are currently no guidelines for the treatment of brain tumor patients with RSE. The aim of this study was to provide evidence for a treatment regimen that does not require intubation. Patients with primary and metastatic brain tumors admitted to our institution with SE have been treated with the combination PHT, LEV, and PGB to avoid over-sedation and intubation of patients. We have used the phrase ''the Trifecta'' to describe the use of these three AEDs together.
Methods
Permission to complete the study was first obtained from the Duke Institutional Review Board. Initial patient identification and selection was performed using the DEDUCE (Duke enterprise data unified content explorer) database. This is an on-line query system based on data collected into the decision support repository (DSR) from operational systems serving each of the Duke hospitals. Query criteria included patients who were diagnosed as having a brain tumor, presented with complex partial SE between January 2006 and December 2009 and received the Trifecta (PHT, LEV, and PGB). Patients that were found in the database to meet all the three of these criteria were then reviewed further manually to determine appropriateness for the study. No patients under 18 were included. Target total serum PTH level was 15-25 lg/ml. SE was defined as repeated clinical or electrographic seizures without full recovery between seizures for longer than 30 min. Clinical and demographic data were collected from our hospital's electronic medical record system. A clinical response to treatment with the Trifecta was defined as complete resolution of clinical seizures and/or cessation of repetitive epileptiform discharges on EEG, if no other AEDs were added during hospitalization and if SE did not recur during hospitalization. The 1 year outcomes were collected from the electronic medical record. Statistical analysis was performed using Student's t-test for nominal variables and chi-squared analysis for categorical variables.
Results
From the DEDUCE database, we retrospectively identified 8,493 brain tumor patients that were seen between January 2006 and December 2009. Of these patients, 2,606 (31%) patients were diagnosed with seizures. From this group of 2,606 patients, 539 (21%) were on more than one AED to control their seizures. We found 56 of these patients were identified as having received the Trifecta (PHT, LEV, and PGB). Brief manual review of these 56 patient records resulted in identification of 23 patients that met all the inclusion criteria. A more detailed retrospective chart review as well as EEG analysis was then performed on these 23 patients.
Overall clinical features extracted from the chart are provided in Table 1 . The average age was 56.9 years old (range 25-84), and there were approximately equal numbers of males and females. 70% of patients had a prior history of seizures. There was tumor progression in 26% of patients at the time of diagnosis of RSE. The percentage of patients having undergone resection for their brain tumor was 91%. Thirty-nine percent of patients received radiation, and another 39% received chemotherapy. About half of the patients (52%) underwent biopsy or resection of their brain tumor within 1 month of SE onset. Nearly all of the patients (91%) were on an anticonvulsant at the time of diagnosis of RSE. The majority of patients (61%) presented with obvious SE (abnormal, repetitive motor movements of the face, leg, or arm). The rest presented with subtle SE which included signs and symptoms, such as aphasia, altered mental status, focal weakness, and lip smacking. The most common tumor type was glioblastoma multiforme (52%). Tumor location was highly variable, with temporal lobe being the most common location followed by frontal lobe tumors.
There was a trend toward the presence of peritumoral edema on MRI being associated with response to the Trifecta. Four patients in the responder group had peritumoral edema on MRI, compared to nil patients in the non-responder group. However, this was not statistically significant (P = 0.12). More patients in the responder group were on an AED at baseline (100% vs. 71%), and this was statistically significant (P = 0.03). Periodic lateralized epileptiform discharges (PLEDs) were a common interictal finding in both groups.
The clinical outcomes are shown in Table 2 . In all patients, PHT or LEV was used as first-line therapy. PGB was typically used as third-line treatment. In some of the cases (7/23), PGB was used as second-line therapy. The majority of cases were treated with LEV followed by PHT followed by PGB when electrographic or clinical SE was still ongoing. The median daily PGB dose was 375 mg (usually divided BID or TID). PGB was administered via nasogastric tube or orally. PHT and LEV were administered intravenously. The median daily LEV dose was 3,000 mg daily (usually divided BID). For the patients that responded to the Trifecta, the average PHT blood level at time of cessation of SE was 18.9. Blood levels of LEV and PGB were not routinely measured.
In the responder group, 16/23 (70%) patients had cessation of RSE after administration of the third component of the Trifecta. The length of RSE in the responders was 3.5 days on average. Figure 1 shows the percentage of patients still in RSE over a period of time. The average time it took to administer the third-line treatment was 2.1 days. The average time it took for RSE to stop after administration of the third-line agent was approximately 24 h.
In 7/23 (30%) patients, seizures did not cease after the administration of the Trifecta. Of these seven patients, five of them eventually had cessation with the addition of valproic acid (2 patients), topiramate (1 patient), or midazolam infusion (2 patients). There was a statistically significant difference in mortality rate (0% in the responder group and 29% in the non-responder group, P = 0.03). Two of the seven patients that did not respond to the Trifecta died. One patient had persistent seizures resulting in somnolence. Midazolam infusion was attempted, but did not result in cessation of seizures. The family decided to withdraw care. The other patient that died had persistent seizures on EEG which resulted in unresponsiveness and bradycardia. Owing to this and tumor progression on MRI, the family withdrew care. There was a statistically significant difference in intubation rates (1/16 patients in the responder group and 3/7 patients in the non-responder group, P = 0.03). Two of the three intubated patients in the non-responder group were placed on a midazolam infusion in an attempt to abort RSE.
Upon discharge from the hospital, 15 of the 21 patients that were alive were discharged on the Trifecta. At 1 year follow-up, eight (35%) patients died, six (26%) had radiographic progression, eight (35%) were clinically and radiographically stable, and one patient was lost to followup. Most patients were on monotherapy at 1 year follow-up. Eighty-three percent of patients were on LEV, 67% of patients were on PGB, and 42% of patients were on PHT at the 1 year follow-up visit. Only a minority of patients (2/15) were still on all the three AEDs. Days from onset of status epilepticus % of patients 
Discussion
We have found that 31% of the brain tumor patients under this study have seizures, and that nearly a quarter of these patients require more than 1 AED to control their seizures. This is consistent with previous studies showing that the incidence of seizures in patients with brain tumors is 30-70% [2, 3] . Of this population, we collected 23 patients over a 4-year period, who developed RSE. Our study found that SE was terminated in 16/23 (70%) patients with primary and metastatic brain tumors receiving combination therapy of PHT, LEV, and PGB (the Trifecta). Only 1/16 (6%) patients who responded to the Trifecta required intubation. It is desirable to avoid intubation since sedation and intubation can result in prolonged length of stay and increased complication rates, especially in patients with cancer. We have shown here that this population of patients with RSE can be effectively managed without anesthetic doses of sedatives. In addition, we have shown a significant reduction in mortality. None of the patients who responded to the Trifecta died, which is an important point since the mortality from SE in patients with brain tumors has been shown to be 30-40% [7, 11, 12] . Our overall mortality rate was 9%.
Cerebral edema on imaging may be a marker for response to the Trifecta. Four patients in the responder group had peritumoral edema on MRI, compared to nil patients in the non-responder group, but this result was not statistically significant (P = 0.12). Even in the cases where a fourth AED was needed, control of seizures was obtained without anesthetic use in 19 of the 23 patients. After control of RSE is achieved, some of the AEDs can be weaned. The majority of patients were on AED monotherapy at 1 year follow-up, demonstrating that our patients were not condemned to high dose AEDs and poor cognitive function as an outcome of polypharmacy.
The significance of our data is limited by the retrospective, uncontrolled design and small sample size. More prospective studies with larger sample sizes are needed to confirm our results. However, to our knowledge there are no prior publications to guide therapy in this population of patients. Our results suggest that that the use of the Trifecta (PHT, LEV, and PGB) in brain tumor patients with RSE is safe and highly effective.
